We investigated the relationships between amino acid polymorphisms of the prion protein (PrP), restriction fragment length polymorphisms (RFLP) of the PrP gene and the incidence of natural scrapie in Japan. Six variant alleles of the PrP gene were found in healthy sheep. Based on the substitutions at codons 112, 136, 154 and 171, these allelic variants were designated PrP MA~Q, PrP TA~Q, PrP Mv~Q, PrP MAHQ, PrP ~ARR and PrP MARry. Each RFLP haplotype (elhl, elh2 or e3hl) consisted of multiple alleles including PrP MARQ. Three of these variant alleles were found in scrapie-affected Suffolk sheep. PrP ~A~Q was associated with high disease incidence, PrP TARQ and PrP MAR~ were associated with low disease incidence. We found that one scrapieaffected Suffolk was homozygous for PrP uARr~ and four prpS°-positive Suffolks carried PrP MvRQ. Both of two scrapie-affected Corriedales and two out of three scrapie-affected cross-breeds between Suffolk and Corriedale carried PrP MA~n, suggesting that this allele associates with high incidence of scrapie in Corriedale and its cross-breeds.
Two lines of Cheviot sheep have been selectively bred on the basis of increased (positive line) and decreased (negative line) incidences of scrapie in response to injection with the scrapie agent SSBP/1 (Foster & Dickinson, 1988) . In these Cheviots, two restriction fragment length polymorphisms (RFLP) of the prion protein (PrP) gene were found by using EcoRI and HindIII. In addition to two RFLP haplotypes found in the selected Cheviots (elh2 which associates with the positive line and e3hl which associates with the negative line), three more haplotypes (elhl, e3h2 and e2h2) were found in Cheviot and/or Suffolk sheep (Goldmann et aI., 1990 (Goldmann et aI., , 1991 . Haplotypes elhl, elh2 and e3hl are also predominant in Suffolks in Japan (Muramatsu et al., 1992) . It was found that there are some specific differences on the PrP gene between elh2 of the positive line and e3hl of the negative line; elh2 showed codons Val-136, Arg-154 and Gln-171 whereas e3hl showed codons Ala-136, Arg-154 and Arg-17l or codons Ala-136, His-154 and Gln-171 (Goldmann et al., 1991) .
A study of the amino acid polymorphisms of Ile-deFrance and Romanov sheep PrP in France revealed that only sheep with Val-136, a Val substitution at codon 136, * Author for correspondence. Fax + 81 155 49 5402.
were affected with natural scrapie (Laplanche et al., 1993) . During an experimental challenge of Cheviots with SSBP/1 in the United States, most of the sheep which developed scrapie carried Val-136, and only a remainder which showed a longer incubation period than did all the other scrapie-positive sheep, did not have Val-136 (Maciulis et al., 1992) . The frequency of Val-136 was also high in Swaledale sheep affected with natural scrapie, although a few sheep without Val-136 developed scrapie as well . These facts indicate that most scrapie-positive sheep carry Val-136.
The frequency of elh2 is also high in natural scrapie cases in Japan, however, one Suffolk, with the resistanceconferring haplotype e3hl, was affected with scrapie (Onodera et al., 1994) . This finding suggests that the relationship between the susceptibility to scrapie and RFLP haplotypes of the PrP gene is not as simple in naturally scrapie-affected Suffolks in Japan. In order to further the understanding of the genetic influences on scrapie, we analysed the relationships between RFLP haplotypes, amino acid polymorphisms and susceptibility to natural scrapie in Japan.
A group of 64 randomly collected, healthy sheep comprising 51 Suffolks among which 36 were confirmed to be negative for PrP s°, 12 Corriedales and 1 cross-breed between Suffolk and Corriedale, 4 apparently healthy 0001-3087 © 1995 SGM (Ikegami et al., 1991) was used for confirmation of the scrapie diagnosis. Isolation of sheep DNA and RFLP analysis of the sheep PrP gene with restriction enzymes EcoRI (Life Technologies) and HindIII (Takara) were carried out as described previously (Muramatsu et al., 1992) . PCR (Saiki et al., 1985) was performed in two steps with outer primers PrP20 (5' CTAGAATGTTTATAGCTGATG-CCACTGCTA 3') and PrP21 (5' CAGGTAACAAGA-GAGAAGCAAGAAATGAGA 3') and nested primers PM 1 (5' CAGTCATTCATTATGCTGCAGAC 3') and PM4 (5' CACCACCACTACAGGGCTGCAGGTA 3'). The PM 1 primer was phosphorylated to generate ssDNA from PCR products using 2-exonuclease (Life Technologies) (Higuchi & Ochman, 1989) . DNA sequencing was carried out by the Sanger method (Sanger et al., 1977) using a Sequenase Version 2.0 DNA Sequencing Kit (USB). Primers used for sequencing were PM2 (5' TAGCCACAGTCAGTGGAACAAGCCC 3'), PrP5 (5' CTGCTGCAGCTGGAGCAGTG 3'), PrP24 (5' AGCCGATACCCGGGACA 3% PrP25 (5' ATAGTA-ACCAGAACAAC 3') and PrP26 (5' GTGGGCATT-TGATGCTG 3'). Val substitutions at codon 136 were assessed by digestion of amplified DNA with BspHI (New England Biolabs).
To examine the relationship between RFLP haplotypes and amino acid polymorphisms of the PrP gene, sequencing of the entire PrP coding region of 6 healthy sheep (5 Suffolks and 1 cross-breed), 2 homozygous for each of the haplotypes elM, elh2 and e3hl, was carried out. Amino acid substitutions, predicted from the DNA sequences, were found at codon 112 (Met or Thr), 136 (Ala or Val) and 171 (Gln or Arg) which were the same as those reported previously (Goldmann et al., 1990 (Goldmann et al., , 1991 Laplanche et al., 1993) . Therefore, sequencing of the PrP gene of other 58 sheep focused on the region from codons 112 to 171. Here, additional substitutions were found at codons 154 (Arg or His) (Goldmann et al., 1991) and 171 (His). Finally, the PrP dimorphisms at codons 112, 136 and 154 and a trimorphism at codon 171 resulted in 6 variant PrP alleles as shown in Table 1 . Two silent substitutions, an A ~ C substitution in the first position of the codon Ala-231 and C ~ G in the third position of codon Leu-273 were found on PrP MAan. PrP MAg°, Prp~w% PrP MAI~Q, PrP MAr~g and PrP MAR~ were found in Suffolks and Corriedales. The PrP TARQ was present in Suffolks but was not found in Corriedales. Table 1 shows the relationship between RFLP haplotypes and amino acid polymorphisms. Of the 64 sheep examined, 34 (possessing the homozygous RFLP haplotypes elhl, elh2 and e3hl) were employed for this analysis. Each RFLP haplotype contained 2 to 4 alleles. PrP MARQ was commonly found in all of the three RFLP haplotypes whereas the others were RFLP haplotype specific. PrP MAHQ, which was found to be associated with RFLP haplotype e3hl in selected Cheviots (Goldmann et al., 1991) was found in only one sheep with the RFLP haplotype elM.
The frequencies of each genotype in 15 scrapieaffected, 43 healthy and 4 apparently healthy but PrP sopositive Suffolks are shown in Table 2 . Fourteen (93"3 %) scrapie-affected Suffolks carried PrP MA~Q and 11 (73.3 %) of these were homozygous for this allele. The frequency of the homozygosity for this allele in the scrapie-affected Suffolks was significantly higher (P < 0.05) than that in the healthy Suffolks. Though PrP MvrtQ was not found in the scrapie-affected sheep, it was found in apparently healthy but prpS°-positive sheep examined in a previous study (Muramatsu et al., 1993) . The frequencies of each allele in these sheep are shown in Table 2 . The frequency of PrP MARQ was the highest in both scrapie-affected (83.3 %) and healthy sheep (59.3 %). The frequency of PrP MA~Q in the scrapie-affected sheep was significantly higher (P < 0.05) than that in the healthy sheep, whereas the frequencies of PrW ARQ and PrP uAR~ were relatively low in the scrapie-affected Suffolk sheep.
PrP ~vRQ, which has been reported to be linked to susceptibility to scrapie and which is the major allele in scrapie-affected sheep in Europe (Hunter, 1993 ; Laplanche et al., 1993) , has not been found in scrapieaffected Suffolks so far. However, four prpS°-positive sheep found among the apparently healthy sheep carried PrpMVR% Therefore, the frequencies of a Val substitution at codon 136 in prpSO-positive and prpS"-negative sheep were examined. Since PrP s° was detected in all of the 15 scrapie-affected Suffolks, a total of 19 sheep were PrP sopositive. Among the healthy Suffolks 36 sheep were confirmed to be prpS°-negative. Eight of them were examined for the presence of the Val substitution at codon 136 by BspHI digestion. The Val substitution at codon 136 was found in three of the prpSc-negative and in four of the prpS~-positive Suffolks. The frequency of the allele with Val at codon 136 was 4-2% (Table 3) in the prpS~-negative Suffolks and with 15.8% was significantly higher (P< 0.05) in the prpS¢-positive Suffolks.
The scrapie sheep found in Japan so far, other than from the Suffolk breed were two Corriedales and three cross-breeds between Suffolk and Corriedale. Their genotypes were heterozygous or homozygous for PrP MARH except for one cross-breed which carried PrpMVRQ/PrpMARQ. The frequency of PrP MARH was 8'3 % in the 12 healthy Corriedales, 75% in the scrapie Corriedales and 33.3% in the scrapie-affected crossbreeds. Although only a small number of sheep were available, this allele seems to be associated with susceptibility to scrapie in the Corriedale breed.
For selected Cheviots PrP MvRQ and PrP MA~r~ have been attributed to elh2 and e3hl respectively, as previously reported (Goldmann et al., 1991) . In this study, however, all three RFLP haplotypes consisted of multiple amino acid polymorphisms and PrP ~A~Q was present in all RFLP haplotypes. Furthermore, PrP MAR~ was found not only in e3hl homozygous and heterozygous sheep but also in one heterozygous for elhl/elh2. This implies that PrP ~ARR is not exclusive for e3hl. Therefore, the relationship between RFLP haplotypes and amino acid polymorphisms of the PrP gene is complicated in field cases. PrP MARQ associated with all RFLP haplotypes and its frequency was the highest among the scrapie-affected Suffolks indicating that the linkage between the RFLP haplotype and onset of scrapie is weak in this breed.
In France, all of the scrapie-infected Romanov and
Ile-de-France sheep carried PrP Mvt~q (Laplanche et al., 1993) , however, the effect of substitutions at other positions remained unclear. The high frequency of the Val substitution at codon 136 in scrapie-affected Swaledales confirmed the association of this substitution at codon 136 with the incidence of both experimental and natural scrapie Westaway et al., 1994) . Until now, seven Suffolks with the PrP variant encoding Val at codon 136 have been found in Japan. They were apparently healthy at euthanasia, but the lymph nodes and spleens of four of them were positive for PrP s°, and one of the four sheep was confirmed to be scrapie infected by the mouse bioassay (Muramatsu et al., 1993) . This PrP variant was significantly more frequent in prpS°-positive Suffolks. We have observed that an apparently healthy sheep, whose lymph nodes had been positive for PrP s°, showed clinicals signs of scrapie within a few months afterwards (Muramatsu et al., 1993) . Therefore, we believe that this PrP variant confers susceptibility to scrapie in Suffolks as well as in other breeds. In Japan, 93'3 % of the scrapie-affected Suffolks carried PrP ~' A~Q and 73.3% of the scrapie-affected Suffolks were homozygous for PrP ~A~Q. The frequency of this genotype was the highest among the scrapieaffected Suffolks and PrP MARQ was clearly associated with natural scrapie in Suffolk sheep. Concerning the association of amino acid substitutions and the incidence of natural scrapie in Suffolk sheep, PrP MARQ increased, whereas PrW AR° and PrP MAr~ decreased the incidence of scrapie. These findings, except for PrW A~q, agreed with observations in previous studies Westaway et al., 1994) . Since only a few healthy and no scrapie-affected Suffolks carried PrP MAHQ and PrP MARH, association of these alleles with the disease is unclear. Goldmann et al. (1994) reported that PrP MARR acted in preventing the disease after BSE or CH1641 challenge, and that it had delayed the onset of scrapie after SSBP/1 challenge in selected Cheviot sheep. Analysis of codon 171 of scrapie-affected Suffolks in the United States determined all as being Gln/Gln homozygotes (Westaway et al., 1994) and sheep homozygous for PrP MARR did not develop scrapie in either natural or experimental scrapie infection (Laplanche et al., 1993; Goldmann et al., 1994) . We also found that PrP MA~ acts in preventing the disease in Japanese Suffolks, however, we found one Suffolk homozygous for this allele that had developed scrapie.
Because of the inconsistency in the susceptibility to scrapie among the different breeds with specific PrP alleles, we suggest that not only the PrP gene but also other unidentified gene(s) may influence the susceptibility of sheep to scrapie. It seems that in Suffolks such gene(s) generally increase the susceptibility to scrapie and consequently allow even sheep with PrP MARQ or resistance-conferring alleles of the PrP gene develop scrapie.
During the revision of this manuscript, Belt et al., (1995) reported a His substitution at codon 171 which did not show association with susceptibility to scrapie in the Texel breed.
